Defective interfering (DI) particles of the flavivirus West Nile (WN) were generated after as few as two high multiplicity serial passages in Vero and LLC-MK2 cells. Six cell lines (Vero, LLC-MK2, L929, HeLa, BHK-21 and SW13) were used to assay interference by DI particles in a yield reduction assay. Interference was found to vary depending on the cell type used. The highest levels of interference were obtained in LLC-MK2 cells, whereas no detectable effect was observed in BHK-21 and SW13 cells. The ability of DI virus to be propagated varied depending on the cell line used; no detectable propagation of DI virus was observed in SW 13 cells. Optimum interference was obtained following co-infection of cells with DI virus and standard virus at a multiplicity of 5. Interference between DI and standard viruses occurred only when they were co-infected or when cells were infected with DI virus 1 h before standard virus. Investigation of heterotypic interference by DI particles of WN virus strains from Sarawak, India and Egypt revealed that interference was dependent on the strain of WN virus or flavivirus used as standard virus. A measure of the similarity between five strains of WN virus and other flaviviruses was made on the basis of interference by DI viruses, and was found to be similar to that based on haemagglutination inhibition tests using a panel of monoclonal antibodies.
Introduction
Defective interfering (DI) particles are a class of virus deletion mutant generated during infection initiated at both high and low multiplicities (for reviews, see Perrault, 1981 ; Barrett et al., 1981) . They have a number of common properties, which include the inability to propagate in the absence of homologous standard virus, and the ability to decrease the yield of standard virus and increase their proportion of the yield from cells coinfected with standard virus (Huang & Baltimore, 1970) .
The mechanism of deletion of genetic material from the standard virus genome is not well understood. However, the diversity in the replication strategies of the different classes of viruses suggests that the mechanism by which DI particles arise and interfere may also be diverse (Schlesinger, 1988) . A number of reports have shown that DI particle replication, interference or both can vary greatly depending on the host cell type infected (for a review see Holland, 1987) . Interference by DI particles usually occurs with homologous viruses; however, heterologous interference has also been reported in several systems (Schnitzlein & Reichmann, 1976; Eaton, 1979; Weiss & Schlesinger, 1981; Barrett & Dimmock, 1984a; Nayak, 1980) .
A substantial amount of information on DI particles of different positive-and negative-sense RNA viruses has accumulated over recent years. However, relatively little is known about DI particles of flaviviruses. The Flaviviridae family comprises more than 68 viruses, many of which are highly pathogenic and cause disease of medical and veterinary significance. Several reports have described the induction of homologous interference by DI particles of the flavivirus, West Nile (WN) (Brinton-Darnell & Koprowski, 1974; Brinton, 1981 Brinton, , 1982 Brinton, , 1983 . However, these reports were concerned mainly with the genetic resistance and susceptibility of mouse cell lines to WN virus, and suggested that the generation of DI particles of flaviviruses was dependent on a murine resistance gene. Very recently, a report has been published on persistent infection of Vero cells with Murray Valley encephalitis (MVE) virus mediated by DI particles (Poidinger et al., 1991) .
In this study, we examined the generation and enrichment of DI particles derived from WN virus in seven different cell lines. The ability of DI viruses to interfere homotypically and heterotypically was also investigated.
Infectivity titration. A plaque assay procedure was used to determine the virus infectivity titre (Barrett et al., 1989) ; LLC-MK2 cells were used for all assays.
Interference assay. Interference activity was measured by a yield reduction assay (YRA) adapted from Barrett et al. (1984) . Confluent monolayers grown in six-well dishes (2 x 106 cells/well) were washed with PBS and infected with either standard virus or DI virus alone, or co-infected with standard virus and various quantities of DI virus. After 30 min incubation at room temperature, 5 ml EMEM supplemented with 2~ FCS was added to each well. Virus from individual wells was harvested 24 h p.i. and stored at -70 °C until infectivity was assayed~ Haemagglutination (HA) and haemagglutination inhibition (HA1) tests.
The HA and HAI assays were performed according to the methods of Clarke & Casals (1958) using modifications for microtitre plates (Sever et al., 1964) . For HAI tests monoclonal antibodies (MAbs) which had been prepared against JE virus strain G8924 from India were used (B. K. Sil et al., unpublished results) . MAbs produced as ascitic fluids in pristane (Sigma)-primed female BALB/c mice were treated with 25~ kaolin in borate saline to remove non-specific inhibitors of HA. Following kaolin extraction, standardized goose red blood cells (Tissue Culture Services) were added to remove red blood cell agglutinins from the preparations. All assays were performed using four HA units (HAU) at pH 6.2.
Statistical analysis. HAI and interference titres were expressed as log~o values. The data generated from HAI and interference assays were used separately to calculate a similarity coefficient called the similarity ratio, with a range from -1 to + 1, using a formula applied to continuous variables (Wishart, 1987; Sneath & Sokal, 1973) . These similarity coefficients were sorted by an unweighted pair group method of cluster analysis to classify the viruses, using the results of HAl and interference assays as numerical attributes of the viruses. (Dendrograms were constructed on the basis of the results obtained by cluster analysis to illustrate the degree of similarity between viruses.) Calculation of similarity coefficients, cluster analysis and construction of dendrograms were performed using Clustan version 3.2 running on a Prime mainframe computer (Wishart, 1987) .
Results

Measurement of interference using the YRA
The quantity of DI virus in a virus preparation was measured by a YRA as described by Barrett et al. (1984) .
Briefly, this assay measures the ability of the serially passaged virus preparation to cause a reduction in the yield of infectious (or standard) virus from cells coinfected with standard and DI viruses. The interference was defined as the reciprocal of the dilution that caused a 70~o reduction in the yield of infectious progeny compared with cultures infected with standard virus alone, and was expressed in defective interfering units (DIU). Addition of actinomycin D to YRAs did not alter interference and demonstrated that interferon was not involved (data not shown).
Generation of DI virus by serial passages
After 10 serial high multiplicity passages of WN virus strain Sarawak in Vero cells there was a 10vS-fold reduction in infectivity compared to cultures infected with standard virus alone ( Table 1 ), suggesting that DI virus had been generated. Interference assays and enrichment of DI virus in seven different cell lines revealed that interference and enrichment of DI particles was maximal in LLC-MK2 cells (data shown below). Consequently, WN virus strains Sarawak and India were serially passaged 10 times at high m.o.i. (50) in LLC-MK2 cells. The infectivity and interference titres of 10 passages of these strains in LLC-MK2 and Vero cells were quantified and are shown in Table 1 . Infectivity decreased by over 90 ~ after one passage of each of these viruses; 10 passages of WN virus in LLC-MK2 cells resulted in a 102"6-fold reduction in infectivity, whereas 10 passages in Vero cells resulted in a 10~5-fold reduction (Table 1) . Interference was detectable by YRA after one passage of WN virus in LLC-MK2 cells and two passages in Vero cells. The highest quantity of DI virus was detected following passage of WN virus strain India in LLC-MK2 cells (103.4 DIU/ml). WN virus strain Sarawak appeared to generate less DI virus (1026 DIU/ml) than WN virus strain India after 10 serial passages. During serial high multiplicity passages no significant correlation was observed between the reduction in infectious virus in the progeny and the increase in yield of DI virus, as measured in the YRA.
HA activity of serially passaged virus
The HA activity of the standard virus used for serial passage was determined as 1 HAU/3-9 × 104 p.f.u, virus. Subsequently, between passages 1 and 4 there was a Factors influencing interference measured in the YRA (i) Host cells Two aspects of the host cell were studied in vitro: the ability of different cell types to support interference and whether DI virus could be propagated in different cell types. Using WN virus Sarawak at passage 10 derived from Vero cells (see Table 1 ), YRAs were carried out on six cell lines by co-infection with homologous standard virus at a multiplicity of 5. Table 2 shows that the highest level of interference was obtained in LLC-MK2 cells; the other cell lines examined showed low to moderate interference. It was noted that the YRA of Vero cells gave an interference titre 100-fold less than that in LLC-MK2 cells ( Table 2) . Generation of WN virus strain Sarawak DI particles in Vero cells yielded a quantity similar (as measured by the YRA) to that generated in LLC-MK2 cells, but up to 100-fold more infectious virus was present in DI virus preparations generated in Vero cells than those in LLC-MK2 cells (Table 1) . To enrich DI virus, a constant amount of Vero cellderived WN virus strain Sarawak at passage 10 was passaged in seven different cell lines with 50 p.f.u, of standard virus. The progeny virus was assayed for interference by YRA using LLC-MK2 cells. It was found that LLC-MK2 and L929 cell lines gave maximum propagation of DI virus and the greatest reduction in the infectivity of the progeny. There was no detectable DI virus in the progeny from SW13 cells as measured in a YRA, nor any reduction in the infectivity of the progeny. BHK-21 cells were noteworthy in that the DI virus was propagated without any decrease in the infectivity of the progeny (Table 3 ).
(ii) Multiplicity of infection
To determine the m.o.i, of standard virus at which optimum interference could be achieved, three different m.o.i.s were used. The results show that maximum interference were obtained using an m.o.i, of 5, and that interference was reduced 100-to 200-fold at an m.o.i, of 0.5 and 50, respectively (data not shown).
(iii) Interference as a function of time
To demonstrate that interference does not occur at the cell surface and to investigate interference as a function viruses distributed between these two clusters showed differences between wild-type (Sarawak and India 782219) and a vaccine strain (SA-14-5-3); wild-type JE viruses formed a group with the African-Middle Eastern subtype of WN virus, and the vaccine strain formed a group with the Indian subtype of WN virus. WN viruses in the African-Middle Eastern subtype also showed close relatedness with MVE virus. SLE virus alone formed the third cluster, showing that it is only distantly related to the other clusters.
The standard viruses used in the heterologous interference studies above were examined in HAI tests using a panel of 39 MAbs raised against JE virus strain India G8924 (data not shown). The HAI data were analysed using the numerical taxonomy technique (Fig. 2) .
Four major clusters of viruses were formed: one consisting of three strains of JE virus (Sarawak, India 782219 and SA-14-5-3), a second with three strains of WN virus (India, Sarawak and Egypt) together with MVE virus, another with WN virus strains from Uganda and Madagascar, and the remaining one with SLE virus alone. However, within individual clusters several smaller groups were formed. Group differences between two wild-type strains (Sarawak and India-782219) and one vaccine strain (SA-14-5-3) of JE virus were demonstrable. Similarly, WN viruses clustered into three groups on the basis of HA1 data: strain India formed one group, strains Sarawak and Egypt formed another group, and strains Madagascar and Uganda formed a third group. MVE virus was found to be closely related serologically to the strains of WN virus examined (Fig.  2) . SLE virus was distantly related to MVE and WN viruses.
(v) Degree of similarity between viruses The interference titres generated by homotypic and heterotypic interference studies (Table 5) were analysed using numerical taxonomy techniques to show the relatedness of the viruses on the basis of interference by DI virus preparations. The results of this analysis are presented as a dendrogram (Fig. 1) .
Three major clusters of viruses were formed. One cluster included four strains of WN virus (Sarawak, Egypt, Madagascar and Uganda), MVE virus and two strains of JE virus (Sarawak, India-782219). Another cluster included WN virus strain India and JE virus strain SA-14-5-3. These two clusters of viruses differentiated strains of WN virus into two groups or subtypes, one consisting of Sarawak, Egypt, Uganda and Madagascar, which could be referred to as an African-Middle Eastern subtype, and the other with strain India, referred to as an Indian subtype. Furthermore, JE
Discussion
To date, very little information has been available on DI particles of flaviviruses. The only published studies are on WN (Brinton-Darnell & Koprowski, 1974; Brinton et al., 1984) , Banzi (Smith, 1981) and MVE viruses (Poidinger et al., 1991) . None of these papers have examined the in vitro parameters of DI particle-mediated interference in any detail. This study investigates the effect of the host cell on the generation, propagation and interference of DI particles of WN virus Sarawak using seven cell lines of different origin (Table 2 and 3), and examines homotypic and heterotypic interference. Previous studies have only reported the generation of DI particles of WN virus and their interference in resistant and susceptible mouse cells (Brinton, 1981 (Brinton, , 1983 .
DI virus generated in Vero cells with WN virus strain Sarawak has a different interference titre when assayed in six different cell lines. When DI viruses were N. C. Debnath and others propagated in these cell lines and C6/36 cells, and assayed for interference in LLC-MK2 cells, interference titres varied depending upon the cell line used for propagation. Thus, as shown for other virus systems, both propagation and assay of DI virus interference are dependent upon the cell type used. Two interesting points should be noted from the above experiments: BHK-21 cells do not support interference, but propagate DI viruses, whereas SW13 cells neither support interference nor propagate DI particles. Thus, SW13 cells would appear to be the optimum cell line to use for the growth of WN virus preparations lacking DI particles. LLC-MK2 cells were found to be the most effective cell line examined for both supporting interference and propagating DI viruses. Recent data (Poidinger et al., 1991) on low level interference by DI particles of MVE virus may also be attributed to cell factors associated with measuring interference because Vero cells were used to assay interference in the MVE virus studies. We also observed low level interference by DI WN virus when assays were performed in Vero cells; this was nearly 100-fold less than that detected when LLC-MK2 cells were used in the YRA (Table 2) . Interestingly, Barrett et al. (1984) noted that the YRA for the alphavirus SF in L929 cells was superior to that in BHK-21 cells, as observed in this study.
The host cell variation observed for interference with this flavivirus was different from that for other virus systems, but supported the general proposition that DI virus replication or interference or both vary greatly depending on the host cell type infected. Barrett et al. (1981) reported that interference by SF virus DI particles varies depending upon the cell line used for assay. Stark & Kennedy (1978) could not generate SF virus DI particles in HeLa cells, even after 200 serial passages. Vesicular stomatitis virus DI particles are neither generated nor propagated in HeLa cells, but interference does occur when the assay is performed in the same cell line (Holland et al., 1976) . We found that HeLa cells will propagate DI particles of WN virus. However, the factor(s) responsible for inhibiting interference or propagation of DI particles in SW 13 cells is not known.
Infection of cells with DI and standard viruses simultaneously, or infection with DI virus 1 h before or after standard virus induced interference. This suggests that the induction of interference occurs at an early stage of replication and does not take place at the cell surface, in agreement with the observations of Huang & Wagner (1966) and Johnston et al. (1974) .
As Barrett et al. (1984) found for SF virus, maximum interference in the YRA was obtained using an m.o.i, of 5 p.f.u, of standard virus; this was reduced by a higher m.o.i. DI viruses derived from different strains of WN virus do not show the same pattern of interference (Tables 1  and 5 ). Similar results have also been reported by Barrett & Dimmock (1984b) for SF virus, suggesting that both viral and cellular factors are involved in the mechanism of interference. DI virus preparations derived from WN virus strains Sarawak, Egypt and India show variable degrees of interference with heterologous viruses, even with different strains of WN virus. Thus, interference is a very specific event, as has been reported in other virus systems (Barrett & Dimmock, 1984a) . A pattern of relatedness between these viruses was determined based on the ability of DI virus preparations to interfere with different viruses. The strains of WN virus were differentiated into two subtypes, African-Middle Eastern and Indian. Interestingly, a similar observation has been reported previously (Hammam et al., 1965) based on the use of polyclonal antisera in HAI assays. Strains of JE virus were found to group as either wildtype or vaccine; MVE virus was closely related to the African-Middle Eastern subtype of WN virus, and SLE virus, also a member of the WN virus subgroup of the Flaviviridae (Calisher et al., 1989) , was distantly related to WN and MVE viruses. Thus, interference was only observed between members of the WN virus subgroup of the Flaviviridae. Such DI particle-mediated interference may be useful in the classification of viruses. When this pattern of relatedness was compared to that determined from serological data based on HAI assays with MAbs, similar relationships could be observed, showing that serologically related flaviviruses of the WN virus subgroup can interfere heterotypically with WN DI viruses. Thus, the degree of heterotypic interference induced by DI virus may depend on the genetic relatedness of the viruses. However, the virus grouping based on HAI data did show some differences to that based on interference. For example, although the degree of relatedness of WN virus with MVE and SLE viruses as determined by HAI and interference assays is similar, the relationship between strains of JE virus and the above viruses is different in the two assays. This may in part be attributable to the specificity of anti-JE virus MAbs for particular epitopes of WN virus. MVE virus DI particles have been reported to interfere heterotypically with Kunjin and WN viruses (Poidinger et al., 1991) . These observations together with our findings provide evidence that heterotypic interference by DI particles of WN and MVE viruses can occur, and that interference between different members of a flavivirus subgroup can occur. Comparison of the genomic sequences of the standard and DI viruses used in this study will help to elucidate the molecular basis of interference by flavivirus DI particles. These studies are in progress.
